The present studies were designed to clarify the contribution of the liver to the development of hyperglycemia in Wistar fatty rats.
Non-insulin-dependent diabetes mellitus (NIDDM) is a heterogenous disorder characterized by multiple defects in pancreatic B-cells, liver, and peripheral tissues (muscle and adipose tissue). DeFronzo et al. (1983) have suggested that prolonged hyperglycemia after a meal is caused by such multiple defects.
It is likely that reduced hepatic glucose utilization mainly contributes to the postprandial hyperglycemia, because the liver is able to utilize about 60% of ingested glucose (Felig et al., 1975 and 1978; Bratusch-Marrain et al., 1980) . Insulin resistance seems to be present in the liver and may be responsible for defects in hepatic glucose handling in diabetes and obesity (DeFronzo et al., 1982; Caro et al., 1986; Terrettaz and Jeanrenaud, 1986) .
The Wistar fatty rat was established by combining the insulin resistance of the Wistar Kyoto strain with the fa gene of the 13M (Zucker) strain for obesity . The rats are obese, hyperphagic, hyperinsulinemic, and hypertriglyceridemic; males develop hyperglycemia as early as 8 weeks of age on a laboratory chow diet . They also show decreases in glucose tolerance and glycemic response to exogenous insulin (Matsuo et al., 1984a) . We previously reported that the hepatic enzyme profile related to glycolysis, gluconeogenesis, and lipogenesis in Wistar fatty rats is clearly different from that of Zucker fatty rats at 12 weeks of age (Matsuo et al ., 1984b) .
The present experiments were designed to clarify the contribution of the liver to the development of hyperglycemia in Wistar fatty rats.
Materials and Methods

Animals
Male Wistar fatty rats (fa/fa) and their lean littermates (Fa/?) were bred in our laboratory Animal Unit as reported previously (Taketomi et al., 1975) .
The protein content was determined by the method of Lowry et al.(1951) . The enzyme activities were expressed as nmoles/minute/mg protein. The following abbreviations are used: GK; glucokinase (E. C. 2. 7. 1. 2), HK; hexokinase (E. C. 2. 7. 1. 1), PK; Pyruvate kinase (E. C. 2. 7. 1. 40), G6Pase; glucose-6-phosphatase (E. C. 3. 1. 3. 9), FDPase; fructose-1, 6-diphosphatase (E. C. 3. 1. 3. 11), and G6PDH; glucose-6-phosphate dehydrogenase (E. C. 1. 1. 1. 49).
Intermediate
Metabolites in Liver The rats were anesthetized by an intraperitoneal injection of Nembutal(R) (50mg/kg, Abbott Laboratories, North Chicago, Ill.). A laparotomy was performed and the first lobe of the liver was rapidly fixed with flat tongs precooled in liquid nitrogen as described by Hess and Brand (1974) . Metabolite concentrations were determined in a neutralized perchloric acid extract by the fluorometric method described by Colson and Klapper (1979) . DNA content was determined as described by Schneider (1957) 
Results
Changes in Body
Weight, Plasma Levels of Glucose, and Insulin with Advancing Age The plasma insulin levels of the Wistar fatty rats were already higher than those of the lean rats at 4 weeks of age. The Wistar fatty rats developed hyperinsulinemia over 8 weeks of age, but the lean rats did not (Table 1) . Body weight and the plasma triglyceride level in the fatty rats increased significantly over those of the lean rats by 5 weeks of age (Table 1) . Hyperglycemia in the fatty rats developed at 8 weeks of age and became more exaggerated with advancing age.
Changes in Hepatic Enzyme Activities with Advancing
Age Hepatic enzyme activities related to glycolytic, gluconeogenic, and lipogenic pathways were measured at different ages (4-24 weeks old). The liver weight of the fatty rats was similar to that of the lean rats at 4 weeks of age, but was heavier than that of the lean rats over 5 weeks of age (Table 1 ). The activity of HK, one of the glycolytic enzymes, decreased with advancing age in both groups of rats; it was slightly but significantly lower in the fatty rats (Table 2 ). The activities of insulin-inducible glycolytic enzymes, GK and PK, were increased from 4 to 8 weeks of age in both lean and fatty rats. PK activity was higher in the fatty rats at all ages tested (Table 2) . GK activity was significantly higher in the fatty rats at 4 and 8 weeks of age, but it was notable that a clear difference in GK activity was observed only at 4 weeks of age ( Table 2 ). The activity of another insulin-inducible enzyme, G6PDH, was increased two-fold in the fatty rats over that in the lean rats at all ages (Table 2) . On the other hand, the activities of insulin-suppressible gluconeogenic enzymes, especially G6Pase, were rather increased in the fatty rats at all ages tested (Table 2) .
Changes in Hepatic Enzyme Activities in Response to Fasting-Refeeding
The effects of changes in endogeneous insulin on hepatic enzyme activities were examined in the fasting-refeeding regimen. The plasma insulin level was reduced tenfold by 3 days of fasting in both groups of rats, but the level was still ten-fold higher in the fatty rats (Table 3) . After two days of refeeding, the plasma insulin level returned to the fed level in the lean rats, but remained at half of the fed level in the fatty rats (Table 3) .
The plasma glucose level was significantly reduced by the fasting in both groups of rats and the hyperglycemia of the fatty rats disappeared (Table 3) . After ten hours of refeeding, the plasma glucose level was restored almost to the fed level in the lean rats. The plasma glucose of the fatty rats also increased to the submaximal level (Table  3 ). In the lean rats, GK and G6PDH activities decreased, and G6Pase increased as the plasma insulin level was reduced by the fasting (Fig. 1) . These enzyme activities returned to near the fed levels after Twelve-week-old Wistar lean days and were then refed. Enzyme activity was expressed as nmoles/min/mg protein.
the 24 hours of refeeding (Fig. 1) . The responses of GK and G6Pase activities to the fasting-refeeding regimen in the fatty rats were different from those of lean rats; the GK activity was increased and the G6Pase activity was not changed by the fasting in Wistar fatty rats (Fig. 1) produced by the fasting-refeeding (Fig. 1) . HK activities were not changed by the fasting-refeeding regimen in either group (data not shown).
Changes of Glycolytic Intermediates with Advancing Age
Hepatic levels of glycolytic intermediates were measured at 5 and 12 weeks of age. The glucose content in the liver was significantly higher in the fatty rats than in the lean rats at both ages (Fig. 2, a  and b ), although no difference was observed in plasma glucose levels between the groups at 5 weeks (see above, (Table 1) .
A metabolite crossover plot (Fig. 2, a and b) showed that two regulatory steps of glycolysis and gluconeogenesis were involved. At 5 weeks of age, the levels of G6P and PYR were higher than those of GLC and PEP in the fatty rats, suggesting that the glycolytic flux is dominant over the gluconeogenic flux (Fig. 2a) . On the other hand, higher levels of GLC and PEP than G6P and PYR were observed in the fatty rats at 12 weeks of age (Fig. 2b) , suggesting that the gluconeogenic flux is dominant.
Discussion
Recently, insulin resistance in the liver has been noted as one of the causes of abnormal glucose metabolism in diabetes and obesity (DeFronzo et al., 1983) . The liver regulates both the utilization and production of glucose. In diabetic and/or obese states, the regulation is impaired ; decreased utilization and increased production often coexist with hyperinsulinemia (Caro et al., 1986; Terrettaz and Jeanrenaud, 1983) .
The Zucker fatty rat and Wistar fatty rat are obese and hyperinsulinemic, but only the latter shows hyperglycemia Matsuo et al., 1984b) . Since the insulin resistance in glucose utilization of peripheral tissues was observed in both Wistar fatty (Matsuo et al., 1984a) and Zucker fatty rats (Nishikawa et al., 1981; Terrettaz et al., 1983) , other causal factors for the development of hyperglycemia are suggested. We reported that Wistar fatty rats had higher levels of gluconeogenic enzymes and lower levels Of glycolytic and lipogenic enzymes in the liver than did Zucker fatty rats (Matsuo et al., 1984b) . These differences between the two fatty strains could not be, explained by the plasma insulin levels, which were similar in the two. These findings suggest that an exaggerated abnormality in the hepatic enzyme profile may participate in the development of hyperglycemia in Wistar fatty rats. Hepatic activities of glycolytic and lipogenic enzymes, such as GK, PK, and G6PDH, were already increased in 4-week-old fatty rats with normoglycemia, indicating that a normal response of hepatic enzymes to the increased plasma insulin exists. After hyperglycemia was established, the hepatic activity of GK was reduced slightly despite the existence of hyperinsulinemia and became similar to that of the lean rats. On the other hand, the hepatic activities on insulin-suppressible gluconeogenic enzymes, especially G6Pase, increased markedly despite the presence of hyperinsulinemia in the fatty rats. These defects in hepatic enzyme regulation were confirmed by another experiment,in which plasma insulin levels were markedly changed by the fasting-refeeding regimen. Hepatic GK and G6Pase levels in the fatty rats did not respond to changes in plasma insulin levels. These findings indicate the presence of insulin resistance in hepatic enzyme regulation.
As a result, the neogenic in the fatty rats. These results provide more evidence that the decreased glycolysis and/or the increased gluconeogenesis in the liver participate in the development of hyperglycemia in Wistar fatty rats as was reported in the insulindeficient rat (Greenbaum et al., 1971) .
Although the precise mechanism of hepatic insulin resistance is not known, a decrease in insulin binding is suggested. Insulin binding to the plasma membrane of the liver is markedly decreased in Wistar fatty rats (Figlewicz et al., 1986) , indicating the down regulation of insulin receptors by hyperinsulinemia or the expression of the fa gene. Therefore, the possibility that a decrease in the number of receptors may be implied in the hepatic insulin resistance is not excluded. Such a decrease in the number of receptors has been observed in the Wistar lean (Fa/fa) rat with fa-gene (Figlewicz et al., 1986 ) and the Zucker fatty rat (Figlewicz et al., 1985) . Thus, the difference in glycemia in Wistar fatty and lean rats and in the two fatty strains cannot be explained solely by a decrease in the number of insulin receptors. In fact, insulin binding to the plasma membrane of liver is not changed (Caro et al., 1986) and may be increased (Arner et al., 1986) in human NIDDM. In addition, Caro et al. (1986) observed diminished insulin-stimulated protein kinase activity and decreased intracelluear pools of receptors.
These results suggest that the post-binding defects may play an important role in the hepatic insulin resistance.
However, further studies will be necessary to clarify whether such an explanation also applies to Wistar fatty rats.
